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anillins that are predicted to bind to 
myosin and F-actin (see below). 
Are there homologues outside 
of metazoa? In the fission yeast 
Schizosaccharomyces pombe 
there are two anillin-like proteins, 
Mid1p and Mid2p, which have non-
overlapping functions. Mid1p is a key 
regulator of cytokinesis, orchestrating 
contractile ring positioning and 
assembly. Mid2p has a less essential 
role, acting later in cytokinesis to 
organize septins during septation. 
Budding yeast (Saccharomyces 
cerevisiae) anillin-like proteins Boi1p 
and Boi2p have carboxy-terminal PH 
domains, localize to the nucleus and 
the contractile ring at the bud neck, 
and act late in cytokinesis to protect 
against severing of unsegregated 
chromatin.
What are anillin’s binding 
partners? Anillins bind F-actin, 
active myosin II and the septins, all 
filament-forming proteins enriched in 
the contractile ring. Anillin can also 
bind the small GTPase Rho (a master 
regulator of cytokinesis), and the 
Rho family GTPase-activating protein 
(GAP) RacGAP50c/MgcRacGAP/CYK-
4. This GAP binds to the microtubule 
plus-end-directed kinesin MKLP1 
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What is anillin? Anillin is a 
conserved protein with a unique 
multi-domain structure that implicates 
it in the crosslinking of multiple 
structural and regulatory elements. 
Anillins are primarily involved in 
cortical cytoskeletal dynamics during 
cytokinesis and cellularization. 
However, their essential functions 
in these basic processes may mask 
other roles in specialized contexts. 
How was it discovered? Anillin 
was first isolated from Drosophila 
melanogaster embryos as an 
F- actin- binding protein in 1989. Six 
years later, Christine Field cloned the 
anillin gene from Drosophila ovary 
cDNA and found that it encodes 
a 1201 amino-acid protein. Anillin 
was shown not only to bind, but 
also to bundle F- actin in vitro. 
Staining with anti-anillin antibodies 
revealed that it localizes to the 
nucleus during interphase and to the 
contractile ring during cytokinesis in 
Drosophila cells. 
How did it get its name? Anillin 
is from the Spanish word anillo, 
meaning ring, due to its enrichment 
in the contractile ring throughout 
cytokinesis. It is also highly 
enriched at the leading edge of the 
Drosophila embryo cellularization 
front (a network of actin- and 
myosin-rich rings that invaginate to 
compartmentalize each nucleus of the 
syncytial blastoderm) and in nascent 
ring canals in the Drosophila ovary. 
Following the discovery of anillin in 
Drosophila, where its gene name is 
scraps, anillins have been identified 
in the genomes of humans (ANLN), 
mice (Anln), and Caenorhabditis 
elegans (ani-1, ani-2 and ani-3), 
as a result of the high homology 
among their carboxyl termini, which 
contain a pleckstrin homology (PH) 
domain. In C. elegans, only ANI-1 (the 
localisation of an ANI-1–GFP fusion 
protein is shown in Figure 1A) bears 
homology to the amino-terminal 
domains of vertebrate and Drosophila 
Quick guide and to the Rho guanine nucleotide exchange factor (GEF) Ect2 (an 
activator of Rho), localizing Ect2 to 
the cell equator. Thus, anillin appears 
to act as a scaffold for regulatory 
proteins as well as for the actomyosin 
and microtubule cytoskeletons 
(Figure 1C). The large number of 
binding partners suggests that anillin 
does not bind all simultaneously; 
indeed, binding of importin alpha and 
beta to Drosophila anillin competes 
for septin binding.
What does anillin do? Anillins 
across phylogeny are required for 
the fidelity of cytokinesis but their 
molecular function is unclear. Anillin’s 
F-actin-, myosin- and septin-binding 
domains implicate it in actomyosin 
cytoskeleton organization and, 
in accordance with this, anillin 
mutant or anillin-depleted cells have 
disorganized contractile rings. By 
binding to MgcRacGAP/CYK-4/
RacGAP50c, anillin may couple the 
cortical actomyosin cytoskeleton to 
microtubules of the anaphase spindle. 
In human cultured cells, anillin 
is required for the stability of the 
trichloroacetic acid-fixable species of 
RhoA at the equatorial cortex, but the 
exact mechanism and meaning of this 
phenomenon are not known. Anillins 
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Figure 1. Anillin is a conserved crosslinker in the contractile ring. 
(A) GFP-tagged Anillin (ANI-1) is enriched in the contractile ring of the C. elegans zygote as re-
vealed by a three-dimensional reconstruction of fluorescence live confocal images. The dashed 
box corresponds to the area represented in (C). (B) A schematic diagram of an anaphase cell 
with a contractile ring. The box corresponds to the area represented in (C). (C) A schematic 
diagram of a portion of the contractile ring highlighting the intermolecular interactions among 
conserved proteins and cytoskeletal components.
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also organize the cortical actomyosin 
cytoskeleton in syncytial structures, 
i.e. the Drosophila embryo and, in the 
case of ANI-2, the C. elegans oogenic 
gonad.
Do anillins act early or late in 
cytokinesis? Drosophila and  
C. elegans anillins recruit septins 
during contractile ring assembly. 
Via septin recruitment, ANI-1 is 
responsible for furrow asymmetry 
throughout ingression in the  
C. elegans zygote. Furrow initiation and 
ingression occur with comparable 
kinetics in C. elegans blastomeres 
depleted of ANI-1. However, when 
ANI-1 and Rho-kinase or ZEN-4 
(the C. elegans MKLP1 homologue) 
are simultaneously depleted, 
cytokinesis is severely perturbed, 
suggesting that the early functions 
of anillins in cytokinesis can be 
compensated by other proteins. In 
contrast, human cells injected with 
anti-anillin antibodies displayed 
slow and abortive furrowing and, 
consistent with this, the ingression 
rate of the cellularization front is 
slower in Drosophila anillin mutant 
embryos. The idea that anillin’s 
primary role is late in cytokinesis is 
supported by the observations that, 
in human and Drosophila cultured 
cells depleted of anillin, the majority 
of furrowing occurs normally, but 
later in cytokinesis the actomyosin 
cytoskeleton oscillates wildly along 
the spindle axis, and cytokinesis 
failure ensues.
How are anillins regulated?  
S. pombe Mid1p is hyperphosphorylated 
(probably by the Polo kinase Plo1p) 
upon relocation from the interphase 
nucleus to the cortex during 
mitosis. Metazoan anillins are also 
heavily phosphorylated, but the 
kinase(s) responsible is not known. 
In Drosophila and human cultured 
cells, anillin recruitment to the 
equatorial cortex depends on RhoA 
activity, but is independent of other 
cytoskeletal Rho downstream targets, 
including Rho-kinase, myosin and 
F-actin. Interestingly, post-anaphase 
activation of Rho is itself dependent 
on Polo kinase; thus, a parallel can be 
drawn between metazoan and fission 
yeast anillin regulation. After mitotic 
exit, proteolysis of human anillin is 
triggered by the anaphase-promoting 
complex/cyclosome (APC/C).  
S. pombe Mid2p is also regulated by  
ubiquitin-mediated proteolysis, 
indicating that its activity is actively 
limited to cell division. Anillins can 
be sequestered in the nucleus during 
interphase, with the exceptions of 
Drosophila anillin and C. elegans 
ANI-1 in early embryos, ANI-2 in the 
C. elegans oogenic gonad, and Mid2p 
in fission yeast. Thus, some anillins 
may regulate cytoskeletal dynamics 
in contexts other than the cytokinetic 
contractile ring.
Is anillin implicated in any 
diseases? Because it is essential 
for cell division, anillin is critical 
for development and homeostasis 
in metazoans. Anillin expression 
levels correlate with metastatic 
potential of human tumors from many 
different tissue origins. Inhibition 
of anillin expression suppressed 
the growth of lung cancer cells in 
culture. Considering that human 
anillin is normally degraded after 
mitotic exit and sequestered in 
the nucleus during interphase, its 
overexpression may overwhelm 
these normal regulatory mechanisms, 
freeing anillin to have an impact 
on the actomyosin cytoskeleton 
during events besides cytokinesis, 
including, for example, cell motility, 
and thus directly contribute to cancer 
progression.
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Working memory
Alan Baddeley
Working memory refers to the system 
or systems that are assumed to be 
necessary in order to keep things in 
mind while performing complex tasks 
such as reasoning, comprehension 
and learning. Over the last 30 years, 
the concept of working memory 
has been increasingly widely used, 
extending from its origin in cognitive 
psychology to many areas of 
cognitive science and neuroscience, 
and been applied within areas 
ranging from education, through 
psychiatry to paleoanthropology.
The term working memory was 
coined in 1960 by Miller, Galanter and 
Pribram in their classic book ‘Plans 
and the Structure of Behaviour’, used 
in 1968 by Atkinson and Shiffrin  in 
an influential paper [1], and adopted 
as the title for a multicomponent 
model by Baddeley and Hitch [2]. 
It is this use of the term that will 
concern the rest of the discussion. 
It is important to note, however, 
that the term working memory was 
adopted independently by Olton [3] 
in connection with the performance 
of animals, typically rats, in a multi-
arm radial maze in which each arm 
was baited: the animals were given 
several trials per day and needed to 
remember which arm had already 
been visited on that day, in order to 
maximise reward. Within the human 
context, this would be regarded as a 
long-term memory task, demanding 
more than the brief limited capacity 
system that is assumed to comprise 
human working memory. Olton’s 
concept is still sometimes used in 
studies based on animals, although 
primate studies typically use the  
term in the same way as it is used  
in studies on humans.
This concept of working memory 
evolved from that of short-term 
memory, the temporary storage of 
small amounts of material over brief 
periods of time. It became a topic 
of major interest during the 1960s, 
linked to an information-processing 
approach to psychology, in which 
the digital computer served as a 
theoretical basis for the development 
of psychological theories. This 
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